D
ye-sensitized solar cells (DSSCs) have received much attention as an alternative to silicon-based solar cells due to their potential low cost, easy fabrication, and respectable energy conversion efficiency (over 10%). 1, 2 In typical DSSC architectures, the photon-induced oxidation of a dye occurs at a TiO 2 photoanode, while the reduction of the redox species used to regenerate the dye occurs at the counter electrode. The standard redox couple used for dye regeneration, iodide/ triiodide (I Ϫ /I 3 Ϫ ), has unmatched performance but typically requires a platinum catalyst in DSSC operation. 3Ϫ5 Platinum has high catalytic activity toward I 3 Ϫ reduction and is sufficiently corrosion-resistant to iodo species present in the electrolyte. 6Ϫ9 However, since platinum is a precious metal, much incentive exists to develop DSSC counter electrodes using cheaper, abundant materials. Extensive research has, for example, been performed on using carbonaceous materials for the counter electrode because they are low cost, corrosion resistant, and electrically conductive. 9Ϫ18 While graphite has poor catalytic activity toward the reduction of I 3 Ϫ , its high surface area analogs, such as carbon black and carbon nanotubes, have been shown to be quite effective and in some cases even exceeded the performance of platinum.
18Ϫ20 Very recently, graphene composites have emerged as potential catalysts for DSSC cathodes, due to graphene's exceptional surface area and conductivity. 21Ϫ23 Hong et al., for example, have used a chemically reduced graphite oxide derived graphene/poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) composite and achieved efficiencies of 4.5%, comparable to their platinum control cell at 6.3%. It has been suggested that oxygen-containing functional groups might be responsible for the observed catalytic performance of carbonaceous electrode materials, while the impact of the degree of material functionalization on apparent electrocatalytic performance has not been studied in detail. 16, 24 In this paper, we provide a thorough analysis of DSSC cathodes based on functionalized graphene sheets (FGSs), a type of defective graphene currently synthesized at the industrial scale 25 via the thermal exfoliation of graphite oxide (GO), detailed elsewhere. 26, 27 FGSs have a large surface area (up to 2630 m 2 g
Ϫ1
) and contain lattice defects and oxygen-containing functional groups, such as hydroxyls, carbonyls, and epoxides, as shown in Figure 1 . 27Ϫ29 The amount of oxygen-containing groups can be tuned by thermal processing of the material, thereby changing its carbon to oxygen (C/O) ratio. 26 Thermal treatment up to ϳ1000°C decreases the number of oxygencontaining functional groups on the surface of the sheets and increases the FGS conductivity. Furthermore, annealing at temperatures above ϳ1500°C causes healing of lattice defects. 28 , 30 An advantage of our material is that we can systematically adjust the C/O ratio of the FGS to examine its effect on the catalytic activity of the material. To distinguish the compositions of FGSs, we designate them as FGS x , where x denotes the C/O ratio. In the following, we first show that FGSs can function as the catalytic counter electrode material in a fully assembled DSSC with a performance similar to that of platinum. Based on these results and supplementary electrochemical impedance spectroscopy (EIS) measurements on the FGS counter electrode itself, in which we vary the applied bias as well as electrolyte viscosity and concentration, we propose a new approach to interpret impedance spectra for porous carbon electrodes. We use this interpretation to properly quantify the charge-transfer resistance of FGS counter electrodes. To support our EIS data, we then investigate the catalytic activity of FGSs in more detail using cyclic voltammetry (CV). Although the optimization of FGS counter electrodes is beyond the scope of this work, we explore the effect of functionalization as measured by C/O ratio as well as the effect of electrode morphology on the apparent catalytic activity of FGSs. Finally, we utilize the industrial scale production of the material to demonstrate DSSC operation using a commercially available 25 FGS-based ink that can be cast on nonconductive elastomeric surfaces as the counter electrode.
RESULTS AND DISCUSSION
Photovoltaic Performance of DSSCs with FGS Counter Electrodes. In Figure 2 , we show the current densityϪvoltage curves and summarize the device characteristics for DSSCs with FGS 13 and platinum counter electrodes. As detailed in the Experimental Methods Section, we fabricate FGS counter electrodes via thermolysis of surfactant and polymer in an FGSϪsurfactantϪpolymer network. Cells employing FGS 13 reach an efficiency () of 4.99%, which is more than 90% that of platinum-based cells ( ϭ 5.48%), where efficiency is defined as the cell's maximum power output divided by the input power from the . The fill factor (FF), the ratio of the maximum power obtainable in the device to the theoretical maximum power [FF ϭ (J* ϫ V*)/(J sc ϫ V oc ), where J* and V* are the current density and voltage, respectively, at the cell's maximum power output] is lower for the FGS 13 cells accounting for their lower efficiency. In view of these encouraging results with functionalized graphene as the counter electrode, below, we analyze our FGS electrodes electrochemically to quantify their catalytic activity and determine how the material could be processed or further modified to improve device efficiency.
Quantifying FGS Catalytic Activity by EIS. EIS has been widely used to study the reduction of I 3 Ϫ on platinum electrodes. 6Ϫ8,31 Specifically, a well-supported equivalent circuit has proved a valuable tool in understanding the platinum counter electrode in DSSC operation. This equivalent circuit has also been applied to measurements performed with carbon-based electrodes without a robust understanding of its appropriateness, 9, 24, 32, 33 as we demonstrate below with our results on FGS-based counter electrodes. Figure 3 shows EIS data of FGS electrodes in a symmetric sandwich cell configuration at various applied biases. Following IUPAC convention, Z' and Z" are the real and imaginary parts of the impedance, respectively. As bias is applied, the high-frequency semicircle remains unchanged, while the lower-frequency semicircle shrinks until eventually three semicircles are visible.
We use the traditional equivalent circuit for a sandwich cell configuration detailed by Hauch and Georg to interpret our impedance spectra. 7 This equivalent circuit is a resistor in series with a resistorϪcapacitor (RC) pair and a Nernst diffusion element which results in a Nyquist plot with two semicircles offset from the origin as shown in Figures 4a and b . Accordingly, the ohmic serial resistance (R s ) can be determined from the onset of the first semicircle (ϳ100 kHz). Charge-transfer resistance R CT and double layer capacitance (C) of the electrode surface give rise to the first semicircle (midfrequency: 100Ϫ0.1 kHz). Diffusion of electrolyte species which is affected by the separation between the electrodes causes the second semicircle (low frequency: less than 10 Hz) which is described by the Nernstian diffusion element (N).
Based on this approach, we find that R CT should be 0.64 Ϯ 0.07 ⍀ cm 2 for an FGS electrode, whereas the R CT for a platinum electrode should have a value of 0.79 Ϯ 0.02 ⍀ cm 2 . The lower charge-transfer resistance would imply a greater FF and higher in solar cell operation for the FGS electrode. However, our device performance data (Figure 2) show the opposite effect, suggesting that the EIS interpretation based on platinum electrodes may not be appropriate for our system.
To further demonstrate the inappropriateness of the model, we analyze impedance spectra recorded under bias. We expect that, as bias is applied to the system, the Nernst diffusion impedance increases, corresponding to a depletion of I 3 Ϫ at the cathode. 7 Furthermore, we expect that the catalytic charge-transfer resistance decreases exponentially until a diffusion-limited region is reached, as predicted by simple ButlerϪVolmer kinetics. 34 These effects have been previously demonstrated for platinum 7 and reproduced by us. However, our FGS electrodes do not follow this behavior, providing additional evidence toward the inappropriateness of applying the traditional equivalent circuit to our system. As deviation from the traditional equivalent circuit is only evident under applied bias, it is possible that research- To more accurately explain our results, we propose a model for porous FGS electrodes (and likely other porous carbon electrodes) seen in Figure 4c in which we attribute the high-frequency semicircle (100Ϫ2.5 kHz) to a second Nernst diffusion impedance resulting from diffusion through the electrode pores (N pore ). The middle semicircle (2500Ϫ25 Hz) represents the chargetransfer resistance and the capacitance of the FGS/ electrolyte interface (R CT , CPE). As in the traditional approach, the low-frequency semicircle is determined by bulk Nernst diffusion (N bulk ), while the high-frequency offset determines the serial resistance (R s ).
To further analyze the validity of our model, we performed studies varying the FGS layer thickness, bias, electrolyte concentration, and electrolyte viscosity. To create FGS electrodes of varying thicknesses, FGS suspensions were spin coated on conductive glass substrates at three different spin rates. These electrodes were then assembled in a symmetric sandwich cell configuration, and the impedance measurements were taken at biases from 0 to 0.8 V. As seen in Figure 5 , R CT initially decreases exponentially with increasing bias as expected due to faster kinetics at higher overpotential. The thicker the FGS 13 layer, the lower the resistance at low bias; however, the impedance for all thicknesses collapses to a single curve at high voltages. Meanwhile, N pores decreases only slightly with bias since I Ϫ and I 3 Ϫ are similar in size and carry equal charge.
To further prove the diffusive nature of the first and third semicircles in our impedance data, we varied two parameters, as shown in Figure 6 : (i) the viscosity, by adding a gelling agent poly(ethylene glycol) (PEG) and (ii) the concentration of the electrolyte species. Both increasing viscosity and decreasing electrolyte concentration should increase N bulk and N pore . A higher viscosity leads to a lower diffusion coefficient; and reducing the species concentration would reduce the electrolyte conductivity and place the system in a regime in which depletion of I 3 Ϫ could be significant. Using our EIS interpretation, these effects are indeed observed as a large increase in impedance of the low-frequency semicircle is visible with the PEG electrolyte, and N pore even dominates over R CT in the low species concentration sample. A similar effect is seen with the high-frequency semicircles as well.
In order to confirm the symmetrical nature of our cells, and, in particular, to confirm that the mid-and low-frequency semicircles each do not represent a contribution from individual electrodes which behave differently due to an unequal distribution of applied bias in the sandwich cell, we performed experiments in a classical three-electrode configuration, thus only analyzing a half cell. A silver wire was used as a reference between the two symmetric cells, with Celgard 2320 membranes used as spacers between the electrodes. In this setup, only the impedance associated with one electrode (R CT , N pore ) and about half of the bulk diffusion (N bulk ) and series resistance (R s ) would be measured. At all frequencies, the impedance in this three-electrode setup was about half that for the same cell connected in the traditional two-electrode setup. This result dismisses the possibility that the mid-frequency semicircle represents one electrode, while the low-frequency semicircle represents the other electrode, and further supports our model. Due to the corrosive nature of the electrolyte and complications arising from trying to prevent the reference from contacting the electrodes, this setup was only used for this comparative purpose and not for our quantitative measurements.
Using the appropriate equivalent circuits for platinum and our porous FGS samples, we determined the charge-transfer resistance associated with the redox couple. At zero bias, the charge-transfer resistance of a thermally decomposed chloroplatinic acid cell is 0.79 ⍀ cm 2 , which agrees well with literature values (0.5Ϫ1.8 ⍀ cm 2 ), and is well below the 10 ⍀ cm 2 level needed for high-performance cells. 7, 9, 35, 36 At zero bias, the FGS 13 based counter electrodes performed relatively poorly, with a charge-transfer resistance of www.acsnano.org D 9.4 ⍀ cm 2 recorded for cells spun at 1000 rpm. These values are based on the geometric surface area of the electrode and not the accessible surface area due to the porosity of the material. However, at applied bias, the resistance approaches that of platinum. For instance at a 0.5 V bias, the charge-transfer resistance of thermally decomposed chloroplatinic acid was measured to be 0.78 ⍀ cm 2 , while that of the FGS 13 cell spun at 1000 rpm was 1.2 ⍀ cm 2 . The greater charge-transfer resistance for FGS 13 compared to platinum, especially at low bias, is consistent with the decrease in the fill factor and efficiency of DSSCs using FGS electrodes. However, based on the EIS data alone, we cannot determine whether the greater charge-transfer resistance is due to an intrinsically lower catalytic activity for the material or to inadequate accessible surface area.
Investigating Catalytic Activity of FGS Using CV. To distinguish between specific catalytic activity and surface area effects, we obtained cyclic voltammograms for FGS 13 and platinum-modified titanium electrodes (Figure 7) . To probe exclusively the catalytic contribution of FGSs, we analyzed films created from drop casting an ammoniated water (ϳpH 11) FGS suspension onto an inert polished titanium rod. Additionally, to resolve the peaks, we used an electrolyte concentration 10 times lower than that used in a DSSC. Scanning from Ϫ0.5 to 0.75 V vs Ag/Ag ϩ (for ferrocene, the redox potential is 55 Ϯ 5 mV on all samples) two pairs of peaks are observed for both materials, similar to what has been reported for comparable systems in the literature. 14, 22, 37 Although the exact charge-transfer mechanisms are not fully understood, literature attributes peaks A ox and A red to the oxidation and reduction of I 2 /I 3 Ϫ and peaks 
38Ϫ40
Since the counter electrode of a DSSC is responsible for catalyzing the reduction of I 3 Ϫ to I Ϫ , the characteristics of peaks B ox and B red are at the focus of our analysis.
The standard electrochemical rate constant of a redox reaction is negatively correlated with the peak to peak separation (E pp ). 41 Thus, with CV, we rely mostly on E pp between B red and B ox to gauge the catalytic activity of the modified electrodes. For electrodes modified with platinum and FGS 13 , we measure E pp values of 90 and 150 mV, respectively. The platinum-modified electrode is thus more catalytic toward the reaction due to a lower E pp , which supports our EIS model and can explain the higher device efficiencies using a platinumbased counter electrode material.
The catalytic activity of FGS 13 may be due to its large density of lattice defects and oxygen-containing functional groups. 42 Therefore, it may be possible to further decrease E pp of FGSs by tuning these potentially catalytic sites. Capitalizing on the C/O ratio tunability of FGSs, Figure 8 shows the cyclic voltammograms for FGS-coated titanium electrodes with C/O ratios varying from 7 to 350 within a voltage window from Ϫ1.25 to 1 V vs Ag/Ag ϩ . We selected the wide scanning window to fully investigate the electrochemistry of our material without degrading the solvent, acetonitrile. A third pair of peaks is then observed for all materials at a highly negative overpotential, near Ϫ0.65 V vs ferrocene; however, the corresponding oxidation peak cannot be resolved as it is superimposed by the oxidation peak of the I 2 /I 3 Ϫ redox pair (A ox in Figure 7 ).
Little improvement is seen in the E pp of the middle reduction and oxidation peaks, B ox and B red , for FGS 7 compared to the previously used FGS 13 , implying that both materials have similar catalytic activity for the reduction of I 3
Ϫ
. For FGS with C/O ratios greater than 13, E pp increases with increasing C/O ratio, suggesting that FGSs with fewer oxygen-containing functional groups may yield electrodes with larger charge-transfer resistances and DSSCs with lower efficiencies. As the C/O ratio is reduced, the third reduction peak shifts toward more positive potentials (see inset of Figure 8 ). Recently, this peak was reported by Fang et al. who examined an electrode coated with a nanostructured carbonaceous material. 24 They speculated, and our data support, that the third pair of peaks was caused by functional groups on the surface of the carbon material. Although they did not specify the identities of these groups, the observation that the peak shifts with C/O ratio suggests that they contain oxygen (e.g., hydroxyls or epoxides).
For devices with appreciable fill factors, to obtain maximum power during DSSC operation, the potential at the counter electrode is typically Ϫ0.1 to Ϫ0.3 V vs the electrolyte redox potential (E redox ϳ Ϫ0.14 V vs ferrocene). While this potential is too positive to drive the reactions occurring at the third reduction peak at maximum rate, it could be expected that the reaction onset associated with the third peak occurs early enough (i.e., at sufficiently positive potential) to increase the reaction rate at a relevant operating potential. To increase this contribution further, the reduction peak needs to be shifted to more positive potentials, possibly by further decreasing the C/O ratio of the FGSs. However, the conductivity of FGSs decreases with decreasing C/O ratio, an effect that competes with the positive potential shift. An electrode with C/O ratio much less than 7 likely will not be conductive enough for use as a catalytic counter electrode. For example, FGS 2 electrodes clearly have poor catalytic activity as they exhibit a resistor-like CV profile when tested. Although more study is required, it may be possible to improve the catalytic activity of our material without further decreasing the C/O ratio if a specific oxygen-containing functional group were found to be primarily responsible for catalysis. Increasing the concentration of this specific functional group while eliminating inactive oxygen-containing functionalities would preserve conductivity at higher degrees of functionalization. Alternatively, the catalytic activity may be improved by increasing the lattice defect concentration, but more studies are needed to determine this effect.
Impact of FGS Electrode Morphology on Apparent Catalytic Activity. We have shown that the C/O ratio is correlated with apparent catalytic performance. However, this could be caused not only directly through an increase of the intrinsic catalytic activity of the material but also indirectly through a change in electrode morphology. Specifically, theoretical studies suggest that porosity can significantly affect the apparent catalytic properties of an electrode. 43Ϫ45 Our electrode-coating process results in FGS films that are highly porous. 42 As seen in the scanning electron microscope (SEM) images of Figure 9 , adjusting the number of oxygen-containing functional groups on FGSs alters the drying dynamics of the material and results in different FGS packing. At a low C/O ratio, the material forms an open, layered structure with pores on the micrometer scale. As the C/O ratio increases, the FGSs form coarser films as a result of increased agglomeration. Thus, based on the different morphologies of the FGS films, it is reasonable to expect that electrodes made from different types of FGS may exhibit different porosity. 42 We use CV to analyze how increasing the loading of FGS 13 influences the apparent catalytic activity of the material. Our CV data support the predictions of the theoretical models on the role of porosity. 45 Furthermore, to characterize the effect of electrode morphology on the apparent catalytic activity of the FGS 13 , we have examined the dependence of the peak current (I p ) on scan rate () and performed CV measurements with coatings of varying thickness.
I p for the oxidation and reduction of I Ϫ /I 3 Ϫ measured as a function of () deviates slightly from the ideal behavior expected for semi-infinite diffusion of the involved redox species (I p ϰ 1/2 ), as shown in Figure 10 . The deviation is prominent at low scan rates where the magnitude of both the oxidation and the reduction peaks decreases. Electrode porosity might account for this since at small scan rates the electrolyte can become depleted of the involved redox species. 
F
The effect is more pronounced for the reduction peak since the concentration of I 3 Ϫ is considerably lower than the concentration of I
Ϫ . An additional indication for an impact of electrode morphology is the dependence of E pp and I p on the thickness of the electrode coating ( Figure 11 ). The geometric areas of all tested electrodes are identical. Therefore, higher loadings correspond to thicker films. As seen in the insert of Figure 11 , E pp of the I Ϫ /I 3 Ϫ redox reaction is much larger for the electrode with 2 g FGS 13 than for those with higher loadings. The reduction potential (peak B red ) experiences a significant positive shift as the FGS 13 loading increases. At the same time, the peak current (and also the capacitive background current) increases indicating a higher accessible surface area. Since we do not know the exact relation between electrode loading and accessible surface area, we cannot analyze the data quantitatively. However, the observed behavior is reminiscent of cyclic voltammograms simulated for electrodes of varying porosity. 45 We then conclude that the observed differences in the apparent catalytic activity of the tested electrodes are probably in part affected by differences in electrode morphology. This is of particular importance when comparing different electrode materials (see Figure 8 ) as different materials may result in different electrode porosity and, thus, different apparent catalytic activities.
FGS-Based Inks As Flexible Counter Electrodes.
As demonstrated in Table 1 , in addition to replacing platinum, FGS-based counter electrodes can be printed onto a variety of substrates, including those which are insulating, heat sensitive, and flexible. Cells produced using counter electrodes made from FGS-based conductive inks (Vor-ink) 25 cast onto mylar ( Figure 12 ) have efficiencies within 10% of cells using platinum-coated fluorinedoped tin oxide glass (FTO). Both Vor-ink P3 and FTO electrodes have a resistivity of ϳ10 ⍀ sq
Ϫ1
, while Vorink P10 electrode has a resistivity of ϳ5 ⍀ sq
. 25 This difference does not appear to have a large effect on the tested cells (active area 0.39 cm 2 ); however, the lower resistivity films could have significant benefit for larger cells where series resistance is prominent. Although a more detailed analysis of the films and their catalytic activities is forthcoming, we emphasize that highly conductive, catalytic, low-cost materials for flexible DSSCs which use FGS are already commercially available.
CONCLUSIONS
We used functionalized graphene sheets (FGSs) as a stand-alone catalyst in a dye-sensitized solar cell (DSSC) and demonstrated FGS 13 -based cells with efficiencies ϳ10% lower than platinum-based cells. To explain this observation, we rigorously examined the catalytic activity of FGSs using electrochemical techniques. A new electrochemical impedance spectroscopy (EIS) equivalent circuit for porous carbon electrodes is proposed that accurately relates the observed impedance semicircles to their associated phenomena. Using this model, we determined that the charge-transfer resistance of FGS is 10 times greater than that of platinum at no applied bias and approaches that of platinum at applied bias. Cyclic voltammetry (CV) measurements showed that platinum has greater apparent catalytic activity compared to FGS 13 , as measured by the peak to peak separation (E pp ), which accounts for its lower charge-transfer resistance in DSSCs. We investigated the effect of tuning potentially catalytic functional groups on FGS and showed that increasing the number of oxygen-containing functional groups results in 
EXPERIMENTAL METHODS
Preparation of Counter Electrodes. For electrodes used in EIS and DSSCs, FGS counter electrodes were prepared on FTO (TEC8, Hartford Glass). FGS-surfactant (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer, F127, Pluronic) suspension (1.66 wt % FGS, 1.66 wt % F127 in water) was mixed in a poly(ethylene oxide) (PEO, M v 600 000) solution (0.6 g in 10 mL water, 10 mL ethanol) in a 1:4 FGS:PEO weight ratio and stirred overnight. The resulting suspension was spin coated onto clean FTO substrates at given speeds for 4 min. The resulting film was dried at room temperature, and then the surfactants were thermally decomposed in an ashing furnace at 350°C in air for 2 h. Thermally treated chloroplatinic acid electrodes were prepared as described previously. 8 Briefly, 2 L of 5 mM chloroplatinic acid in isopropanol was drop cast on an FTO electrode with a 0.39 cm 2 mask. The sample was then heated to 380°C for 20 min before use. FGS-based Vor-ink films were cast on mylar by Vorbeck Materials 25 and used as received. Electrodes for CV were prepared by drop casting an ϳpH 11 aqueous suspension of FGS x (Vor-x BK86 from Vorbeck Materials) 25 on the tips of titanium rods (grade 2, diameter ϭ 1/8 inch, McMaster). Thermally treated chloroplatinic acid electrodes were also prepared using titanium rods. Combustion-based chemical analysis (Atlantic Microlab Inc., GA) was used to determine the C/O ratio of the FGS samples. Titanium was selected as the electrode bulk material due to its high electrical conductivity, high corrosion resistance in the I Ϫ /I 2 electrolyte solution, and low catalytic activity for the redox reaction of interest.
Preparation of DSSCs. DSSCs were constructed as described previously in the literature. 3 In brief, 2 g of P25 titania nanoparticles (Evanonik) were suspended with 66 L of acetylacetone and 3.333 mL deionized water. Titania films, four layers thick, were cast on TiCl 4 treated FTO glass using a scotch tape mask and a glass rod via the doctor blade technique. These films were then heated to 485°C for 30 min in air before being placed in a 0.2 M TiCl 4 solution for 12 h and heated to 450°C for 30 min. The resulting electrode was immersed in a 0.3 mM N3 dye/ethanol (Acros) solution for 20 h to form the sensitized photoanode. Platinum and FGS counter electrodes were formed as described above. A 25 m Surlyn film (Solaronix) was used to separate the photoanode and the counter electrode and to seal the cell after electrolyte (Iodolyte AN-50 from Solaronix) was added. For the Vor-ink data series (Table 1) , TiCl 4 treatments were not performed. Also, due to the flexible nature of the Vor-ink films, to prevent short circuiting of the cells, the electrodes were separated by 100 m thick laboratory tape (Fisher) and clamped together using binder clips. Cells were tested immediately after fabrication.
All chemicals were electrochemical grade from Sigma Aldrich and used as received, unless otherwise noted.
Measurements. CV and EIS were performed using a Biologic SP-150 potentiostat. The CV study was performed in a single compartment, three-electrode setup using an acetonitrile solution containing 0.1 M LiClO 4 , 5 mM LiI, and 0.5 mM I 2 . A Ag/Ag ϩ reference electrode (0.01 M AgNO 3 in acetonitrile) was used, and the cells were normalized to an external ferrocene reference. EIS was performed using a sandwich cell configuration with symmetric films in an acetonitrile electrolyte containing 0.5 M LiI and 0.05 M I 2 unless otherwise noted. A 25 m Surlyn film was used to separate the films and to seal the cells. EIS measurements were taken from 0 to 0.8 V, the magnitude of the alternating signal was 10 mV, and the frequency range was 1 Hz to 400 kHz. 
